This paper presents an innovative web-based control laboratory focused on the necessity of control education community. The usefulness of the remote laboratory proposed in this paper is justified by the opportunity of organizing the remote experiments, saving time and money for the students.
Introduction
In the present society, distance education offers a suitable solution to students that demand for an education system much more flexible, accessible and adapted (without spatial, temporal or economical restrictions) [1] . In overcrowded universities is not possible to offer enough laboratories to place all the students or give them specialized experimentation sites. The laboratories timetable is limited, normally, without the presence of an instructor, with its consequent underuse. The acquisition and constant maintenance of laboratory equipment represent an excessive cost that can not be afforded for some colleges [2] . The Engineering studies have high practical contents. Particularly, in control engineering the set of practices that make up the curriculum has the objective to illustrate the results obtained in the theoretical classes, as well as the student becomes familiar with equipment and instruments' manipulation in actual situations [3] . Therefore, it is important and necessary to move this practical environment to distance education through what is called remote laboratories, R-Lab. To tackle the practices in control engineering the needed element is the existence of an automatic control education system consisting in a virtual laboratory [4] and telepresence accessible through a TCP/IP protocol-based network. This will allow students to practice in a more similar way as if they were in situ in the laboratory, giving the possibility to manage simulations and interactive software with the actual plants.
Thus, in a world with large evidences of the lack of resources and natural disasters, climate change... educational programs have to be developed adding especially sustainable concepts in all the educational levels (from primary school to university) for all the social groups. Furthermore, in these remote laboratories some habits, cognitive knowledge and values must be transmitted to future generations in order to have an influence in the attitudes and behavior changes among the students, that will be the future technical professionals.
Design of Remote Laboratory System
There are today many technical universities that organize distance education. The courses and the simulation laboratories are distributed on electronic support, virtual laboratories and e-mail. However, the laboratory experiments that use physical equipment are not replaceable, because the student must have a direct contact with the real technical environment. Part of the work has to be organized in the institution, while the other part may be performed from the remote site through remote laboratories with Internet access to direct manipulation of real systems. The software to access to the remote plant is mainly a web browser and (in some cases) an application that can be downloaded from the laboratory server [2] . In the sequel, the structure of such a laboratory will be described. The following terms are used throughout the paper: the server is the computer situated in the laboratory, interfaced with the physical equipment; the client is the student's computer, remotely situated. A very general laboratory structure must include:
• The equipment (the regulated object, in the case of automatic control laboratory) associated with a computer server and a data acquisition card (in the case of virtual experimentation, the equipment is replaced by a simulation software).
• An interface program, running on the server computer, that drives the signals to and from the data acquisition card and manages the information about the student's work.
• Server software that deals with the communication between the laboratory and the remote students.
• The computer environment (usually Intranet and Internet) access through Internet or the campus backbone is necessary to the experimentation unit through the R-lab server.
• A client software running on the remote (student's)
computer, that provides the Graphic User Interface and communicates with the server.
Plant Description
The nature of equipment depends on the subject of the laboratory. In our case, a unique plant for all subjects of Control Engineering degree has been selected. For this reason, the plant is a MIMO system that can be used to design SISO and MIMO system control as well as in subjects in B.S. degree or M.S. degree. The plant can also be used in post-graduated studies where more complex control techniques (no-linear control, robust control, coupling techniques...) are taught.
The plant consists of two tanks T T , T D with cross section A. The full structure of the plant is shown in Fig.  1 .
Fig.1. Full structure of plant
The tanks are connected in serially with each other by pipes. On the right and the left side of the tanks T T and T D there are the pumps (1,300 l/h) and the single output valves (0-230V). The output-flowing liquid of the T D is collected in a reservoir located under the two tanks. The reservoir supplies flow to T T by a pump (3,800 l/h) and an output valve (0-230V). In fact, the plant is a closed system, where the liquid that arrives to the reservoir from the tanks returns to the tanks via the pumps.
Control Software
In control engineering, the relationships among the variables of a system are accurately and clearly defined by mathematical language, but its visualization is complicated for students. This is not a simple mental exercise. It is true that there are many mathematical packages to program these relationships and thus to observe the results of changing some parameters of the system, but these tools are mainly oriented towards a non-interactive approach composed of two stages: design and analysis. That is, students have to afford many iterations with the tool to appreciate the level and sense of the change in some parameters. Moreover, such a static approach does not always facilitate the global view of the relationships among the variables of the system. The amount of data that a static approach can produce and the number of iterations needed to obtain them makes it difficult to students to build a mental scheme of the interactions among the components of the system. In these cases, a qualitative and conceptual view of the system can be a better approach to lead students to a deeper understanding of the system. However, the control engineering teacher is an expert in his/her subject but not in programming techniques. The development of interactive didactic applications is not so easy with the typical tools that a control engineering teacher uses to explain concepts, as for example, Matlab/Simulink. At the same time, there are many commercial tools designed to create animations and multimedia but, in general, scientific simulations can not be created with them because they make a poor or inexistent use of the mathematical language to define the system to model. Easy Java Simulations (Ejs) is a tool that can be the first in the colonization of this no-man's land. It should be considered as a first step in the development of further and more advanced tools intended for control engineering educators with some knowledge of programming, not for advanced programmers with little knowledge of control and modeling. Ejs has been conceived for people who are more interested in the content of the simulation, the simulated phenomenon itself, and much less in the technical aspects needed to build the simulation. Hence, Ejs provides a conceptual structure and simplified tools that allow concentrate most of the time in the description of the model of the system to simulate. To help assist educators in the field of control engineering, Ejs has been extended so that it can be used in conjunction with Matlab/Simulink, a de facto standard in control engineering. Inspired in the model view-control software paradigm, Ejs facilitates the creation of the user interface, and Matlab/Simulink lets teachers develop the model using the language they are familiar with.
Ejs, is a freeware, open-source tool developed in Java, specifically designed to create interactive dynamic simulations [5] . The architecture of Ejs derives from the model-view control paradigm, whose philosophy is that interactive simulations must be composed of three parts: the model, the view, and the control. According to that, the steps to build an application in Ejs are the following: (1) To define the model is necessary to specify the variables that describe the system and the mathematical equations interrelating them; (2) define the view in order to represent the states of the process; and (3) define the control in order to describe the actions that the modeler can execute above the simulation.
Once the modeler has defined the model and the view of the interactive simulation, Ejs generates the Java source code of the simulation program, compiles the program, packs the resulting object files into a compressed file, and generates HTML pages containing the narrative and the simulation as an applet. The user can readily run the simulation and/or publish it on the Internet. Developers can then insert Matlab code in an Ejs application to make calculations in the Matlab workspace. But also, the model of a system can be completely or partially developed using just Simulink block diagrams. Through the applet, students can access to the sliders in order to change some variable values. Ejs collects these new values and pass them to Simulink. In this moment, the control over the plant can be modified and, therefore, the plant behavior can change according to the sliders values.
After examining the state of the art in other disciplines, it is clear that an exciting task must be accomplished to improve the computer learning experience in the control engineering curriculum. New interactive modules for concepts in control systems have to be developed, and new tools must arise. From the experience obtained with the creation of the first such ones, new ideas to design the second generation must flourish.
Fig.2. Software architecture
The server has been developed with Tomcat web server, and we have implemented some web services to remotely access to Matlab instead of using the Matlab Web Service, which has demonstrated to not work properly, Fig. 2 . With this toolbox (Web Service) is not possible to execute all the Matlab functions. To monitor the plant behavior an IP camera has been set up.
Pedagogical methodology
Students in control engineering education should achieve knowledge and skills of control systems modeling in order to develop controllers that enforce performance requirements. Once a controller is designed and implemented, observation of the resulting dynamics gives valuable insight into design concepts. Making use of web-based laboratories, students can observe dynamic phenomena that are often difficult to explain in written form.
Control Engineering and interactivity
According to [6] , a control designer (teacher, engineer, or student) must fulfill the following procedure in order to design a suitable control system for a plant: It can be observed that if the design of the control system leads to unsatisfactory results of the simulations (step 10), we would be forced to go back to step 2 and proceed to repeat steps 2 to 10, analyzing them one by one. The approach of [6] to design a control system using traditional tools can be considered a ''noninteractive approach". This is due to the fact that it is not possible to know the consequences of the decisions taken during the design process until we are very near the end (step 11), just before the final hardware implementations. This situation produces that the same steps must be repeated over and over in order to correctly tune the design parameters, making this a very time-consuming activity. This is a direct consequence of the non-existence of a real-time link between the design and the analysis phases, preventing the designer from appreciating the gradient of change in the performance criteria given for the elements he/she is manipulating. If there were such a real-time connection or link between the decisions taken during the design phase and the results obtained in the analysis phase, both phases could be merged in one. In this new approach, decisions taken in some steps would show on-the-fly the differences between the simulation results and the original control specifications fixed in step 1. It would not be necessary to iterate so many times across every step trying to tune the parameters. But this proposed link to merge analysis and design can be brought to existence if we give interactivity the central role that it deserves in the development of new software tools for control education. Nowadays, the high performance of current computers, the advanced object based programming tools and methodologies, and the staggering computer graphic capabilities allow us to the system parameters has a realtime translation in the graphical visualization of the system response (Fig. 3) . This new approach is known as interactive design [7] . In such a high-interactive system, several graphic windows are updated immediately, reflecting the value of every active element, and the constraints among them. This lets us establish a reactive behavior among all active components of the system, hiding the underlying mathematical basis. Every change in the values of system parameters has a dynamic repercussion in the system response. Since a good design usually involves multiple control objectives using different representations (time domain or frequency domain), it is possible to display several graphic windows that can be updated simultaneously during the manipulation of the active elements [8] . 
Fig. 3. Outlines of the non-interactive (a) and interactive (b) approaches
Interactive experimentation on real world plants improves the motivation of students and also develops an engineering approach to solve realistic problems. Simulation is a proper way to complement control education but in general, it cannot replace the experimentation on real plants, since a simulation is only as good as the model is, and a model is just an approximation which cannot reproduce every aspect of the process, such as, for instance, unexpected nonlinearities.
In a remote web-based laboratory, students can access to the lab from a remote location that allows them to interact with real experiments. They can change control parameters, run experiments, see the results, and download data through the web [9] . Furthermore, an experimental approach to explain the most usual control system benchmarks could indeed improve the motivation of students, avoiding to be constrained just to look at simulations as results of their work.
At the beginning of the semester each student is provided with a password to authenticate him in the web page. This password is validated against the database (DB). Practice instructors schedule the use of the plant and each student has assigned a time slot. During this time he/she has the plant in mutual exclusion. Although the existence of this scheduling policy, there are free slots and the student that access to the plant has a limited time of usage.
In this context, the two-tank system can be proposed as case-study system for different purposes, as test system for fault detection and identification, as well as for advanced control. It has received a great attention because it presents interesting properties in both control education and research. The system has been made for to serve as a test-bed for algorithms related to state estimation, and control or identification of hybrid systems. For these reasons, the two-tank system is used to show the results of different control strategies and as an educational tool in teaching advanced control techniques in Technical University of Catalonia (UPC). Next, we describe a proposed practice with the previous plant.
Example of an interactive control practice
This section describes a control experience for the basic subjects in control engineering degree. The objective is to perform a single tank (T D ) level control fulfilling the control specifications. Therefore, the tank level is regulated by the reservoir electric pump (B T ) and its output valve (for tank filling), as well as the tank electric pump (B D ) and valve (for tank emptying), see The imposed control specifications for step set points are: stability, permanent zero-error, and full operating range for electric valves (from 0 to 230 volts). For this purpose a P (proportional) controller [10] is needed because the plant model has already an integrator warranting a permanent zero-error for step reference signals. Fig. 4 shows a block diagram of the implemented control system to regulate the level tank T D . In Fig. 5 can be observed the evolution of the controlled variable (T D level, h 2 ), the set point or desired level (h d ) and the control variables u 1 and u 2 , that is, the input voltages of the B T and B D pumps, respectively.
Pilot study and evaluation results
To assess the objectives and goals that were set in this training experiment, a methodological process was followed, based on a specially designed experimental evaluation protocol from a pedagogical perspective. From this approach, the goal is to assess the performance of such e-laboratory in terms of "quality" in the following aspects: 1) these subjects can be within everyone's reach vs. the "traditional subjects" (space, material, resources and timetable). 2) Training is tested mainly according three important characteristics (building awareness, knowledge and skills).
With respect the former point, the distance education offers the possibility that the practices of these experimental subjects can be taken by any profile of student. The benefits from providing the means to obtain remote access to experimental infrastructure existing in various dispersed laboratory facilities can become significant both from a socioeconomic point of view, as well as from an educational perspective. This significance is directly related to the quality and the equity of practical training possibilities offered to all students. In this context, a more thorough experimental evaluation study has to be conducted, regarding the feasibility of these goals and the acceptability of such new technologies by students in their education and training practice.
The latter point has been tested by a pilot study of a laboratory training course of 30 students where the obtained results validate some advantages of this training process versus the traditional methods such as improvement of the learning by the reach of the best high-level skills and understanding. The indicators to check the quality of the learning are mainly opinion polls to the students and their qualifications during the semester.
Conclusions
This paper describes the development of an elaboratory platform in the field of control systems. A virtual laboratory oriented to control theory, automatic regulation, advanced control and modeling subjects in the Control Engineering Degree is presented. From a technological perspective, this work focuses on the adaptation of concepts and techniques developed in the field of engineering control and on exploring their integration in such remote laboratory settings. This lab is developed to apply the advantages in distance education in an engineering field where the real practices are relevant because with the unique use of simulation students are not suitable to verify the design results. The importance of this type of training is directly related to the quality and the equity of practical training possibilities offered to all students. Besides, through these remote laboratory practices instructors have detected a bigger learning capacity of the students as well as the enthusiasm of the practices realization.
